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Bringing Antimonides 
up to Potential 
W. F. Micklethwaite, R.G. Fines & D.J. Freschi 
Significant advances continue to be made made in application and production of the narrow 
gap, antimonide compound semiconductors. Growth of these at 3- and even 4-in diameters has 
been achieved with good homogeneity and acceptable defect density. In parallel, wafer 
surface finish suitable for direct epitaxy, "epi-ready" wafering is making good progress. 
In this review large-area detector arrays, high resistivity substrates and thermophotovoltaics, 
and ternary (Ga, ln)Sb are discussed from the perspective of an established commercial 
supplier, Firebird Semiconductor Ltd. 
Introduction 
Antimonide III-V compound semi- 
conductors have been known since 
the 1930s but their detailed study 
and application to practical technol- 
ogy did not come until the late 1950s. 
Since then these materials have stea- 
dily evolved from almost exclusively 
defence application to a profusion of 
state-of-the-art commercial applica- 
tions. For Firebird, these versatile 
materials were an obvious choice 
because of our "heritage" from the 
former Cominco Electronic Materials 
group. So far, our focus has been to 
bulk crystal growth although we are 
monitoring the parallel, steady rise in 
epitaxial technologies. Much remains 
to be done to bring the antimonide 
semiconductors up to their full po- 
tential and we are pleased to add the 
Firebird perspective to the III-Vs 
Review series of articles on IR mate- 
rims and devices. 
INDIUM ANTIMONIDE 
Wafer  size 
InSb wafers have been available to 
industry for around 30 years from 
several commercial suppliers. Wafer 
size has crept up slowly from the 
25 mm diameter typical of the late 
1960's to 40-51 mm by 1993. Each 
user had a unique specification but 
also dimensional restrictions, typi- 
cally set by the size of existing wafer 
handling equipment and processing 
masks. As detectors evolved from 
single-element to linear and to ever- 
larger focal planes arrays (FPAs), the 
adverse impact of these restrictions 
became increasingly onerous. In ad- 
dition new epitaxial growth technol- 
ogies were  making similar size 
demands but with the added criteria 
of lower bulk defect density and 
absolute surface perfection. 
Figure 1 shows the impact of wafer 
size on the yield of typical InSb 
devices. This plot gives yields of dice 
suitable for 1282 , 2562 , 5122 and 
10242 (current state-of-the-art) FPAs 
from round and square starting wa- 
fers of varying dimensions. The heavy 
lines are for round wafers of a given 
diameter and the lighter lines with 
square symbols are for square wafers. 
The stepped yield statistics are typi- 
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cal of large area devices. The square 
dice evidently 'fit' better on square 
wafers. There are, however, some 
tradeoffs in ease of wafer finishing 
and mechanization of device fabrica- 
tion which still favour the rounds in 
most cases. 
3-in and larger wafers 
In 1993 Firebird undertook to raise 
the size of available InSb wafers to 3 
in. As with Ge, Si and GaAs workers 
before us, we faced the challenges of 
controlling defect density, doping 
uniformity and finishing parameters 
within acceptable limits on these 
larger slices. 
We believed that the Czochralski 
growth technology could be ex- 
tended to grow 3-in wafers. Increas- 
ing the growth furnace 'furniture' 
size was a relatively simple design 
exercise when compared to relearn- 
ing the operating parameters with 
the much larger (x3-4) charges! After 
several months' concerted effort we 
were able to achieve routine 3-in 
diameter growth and even 4-in on an 
experimental basis. Purity and tell- 
urium dopant uniformity were equal 
or better  than that achieved on 
smaller crystals and we were able to 
deliver wafers well within the target 
defect specifications. One extraor- 
dinary crystal yielded a suite of 
'planks' approximately 75 mm (3-in) 
square with just two conical etch pits 
each! This is a phenomenally low 
defect density. 
These material issues are merely 
the ones which are readily measured 
by the materials laboratory. The key 
device issues of pixel detectivity and 
response uniformity, carrier lifetime 
and crystal l ine per fec t ion  were  
settled by our customers. Figure 2 
demonstrates the achievable level of 
operabil ity and uniformity of re- 
sponse. In 2a, only 0.07% of the 
devices are inoperable while, in 2b, 
the responsivity is high and uniform 
at 1.7+ .02 x l0  l z  mV/phonon/  
(cm2S) 
Surface finish 
In the early 1990's the standard 'best' 
InSb surface was 0.05 ~tm alumina 
finished or "Linde B". Careful re- 
moval of subsurface damage was 
required at each stage of the polish- 
ing cycle and each commercial ven- 
dor had their own process. Typical 
50 mm wafers were 10-20 ~tm from 
flat. 
Because of the tendency of the fine 
alumina particles to "wring" onto the 
surface, cleanliness became an issue. 
Likewise, the mechanical nature of 
the polishing operation meant that 
there was inevitably some surface 
damage wh ich  was increasingly 
found to be limiting in epitaxial and 
some detector fabrication operations. 
DEVELOPMENTS 
Firebird staff have undertaken to 
advance the art of chemi-mechanical 
polishing these delicate materials. 
The challenge here was to find a 
combinat ion  of pressure-cr i t ica l  
chemistry and a suitable polishing 
pad to give flat, low damage, clean 
surfaces at economical rates. This 
work is still underway but even at 
this juncture we have 
establ ished a workab le  
chemistry and have deliv- 
ered material. 
The surface finish issues 
are l inked to die and 
wafer size. As array 'foot- 
print' increases and fea- 
ture size decreases, larger 
areas must be more accu- 
ra te ly  focused  dur ing  
photol i thographic mask- 
ing. This demands low 
total  ind icated runout  
(TIR). Low TIR is also 
important o the integrity 
of indium bump-bonds to 
the silicon multiplexing 
readout. Nor can the back 
side of the wafer be for- 
gotten as low total thick- 
ness variation (TTV) or 
wedging is necessary for successful 
back side thinning. Because of their 
narrow bandgap/ low bonding en- 
ergy, the antimonides are both soft 
andbrittle. Accordingly, it has always 
been necessary to compromise be- 
tween surface perfection (lack of 
subsurface damage) and surface flat- 
ness. We have experimentally proven 
it is possible to have the best of both 
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and are now working to 




I nd ium ant imon ide 's  
cousin gallium antimo- 
nide has historically been 
a minor market but there 
are many indications that 
th i s  may sudden ly  
change if certain key 
issues can be addressed. 
In addition to the wafer 
size issues, GaSb has a 
complex native defect 
which results in P0t~e 
doping at about 
1017 cm -3. 
Wafer  size 
Today, GaSb wafers of 
40-60 mm generally suffice since 
the applications tend to be in re- 
search or small, specialized commer- 
cial devices. Where the wafer is a 
substrate for one of the many poten- 
tial commercial devices or host ma- 
terial for thermo-photovoltaic cells, 
the imperative of lowering the unit 
cost will demand 3-in and larger 
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staff have been able to extend Te- 
doping down to levels of - l x l0  ~7 at 
300K to meet one customer's re- 
quirements. The closed circles are 
data for a 2% Sb excess over stoichio- 
metry, showing even worse dopant 
activation. 
The many papers which discuss Te 
doping indicate the complex interac- 
tion of the Te atoms with the native 
defects and many suggest he forma- 
tion of GaTex as the explanation for 
poor doping efficiency at higher Te 
levels. Despite this, many users are 
currently making useful devices of 
Te-doped GaSb, particularly when 
the Te addition is used solely to alter 
infrared transmission characteristics. 
wafers. Firebird has taken the step of 
demonstrating the viability of GaSb 
Czochralski growth at these dimen- 
sions to reassure those doing product 
development and their backers that 
the technology will be available when 
needed 3-in wafers are  available to- 
day. 
Native defect 
Undoped GaSb has a complex array 
of native defects which have been 
the subject of active discussion in the 
literature for some thirty years. These 
defects are now bel ieved [1] to 
comprise Ga vacancies and GaSb 
antisites. The debate continues as to 
whether these are in associated pairs. 
The vacancy is singly ionizable at 
-55 meV while the antisite is doubly 
ionizable with activation energies [2] 
of -33 and -102 meV above the 
valence band. To further complicate 
matters, the defect density and/or 
activation can be subtly modified by 
the Sb-Ga s to ich iometry  dur ing 
growth [3]. There are some indica- 
tions that increasing the Sb tenor 
decreases the acceptor doping effect. 
The presence of this native defect 
presents everal complications to the 
direct use of GaSb devices which 
require low doping densities, either 
n- or p-type. The lower limit of p- 
type is the native defect level of 
about 2x10 ]7 at 77K or 2xlO 16 at 
30OK. It is difficult to achieve doped 
n-type levels much less than about 
3xlOl7cm -3 (300 or 77K) and even at 
this level there is significant compen- 
sation. It is possible that future clever 
device design might make use of free 
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bypass this limitation. Because of this 
complex i ty  most of the present  
applications for GaSb simply use it 
as a substrate for epilayers requiring 
its 6 .095 A la t t i ce  parameter  
although use as the active device 
layer is foreseen by many ongoing 
development projects. 
[Te] Doping 
As outlined above, n-doping of GaSb 
with tellurium is complicated by the 
presence of the native defect centres. 
Additionally, dopant ionization var- 
ies [41 with both tellurium chemical 
content  and Sb stoichiometry as 
shown in Figure 3. 
On this diagram it is evident that 
stoichiometric GaSb (the open cir- 
cles) has a doping efficiency much 
less than unity (the straight line), that 
the deviation becomes worse at high- 
er doping levels, and that there is a 
lower limit of about 5X1017. Firebird 
High-resistivity 
One benefit of the native defect is its 
inherent, extremely uniform distribu- 
tion throughout the grown crystal. 
This can be used to advantage if 
equally uniform n-doping can be 
achieved to just compensate the 
native defect. Experimentally, we 
have been able to achieve this with 
the resistivity of one ingot reaching 
2x10 -1 and 4.2x103 fl-cm at 300K and 
77K, respectively. These are about 
twice and 40000 times that of normal 
undoped material! This growth pro- 
cess is far from optimized and the 
literature suggests that there are 
many other means of further tuning 
doping and compensation for still 
higher resistivity. Potential applica- 
tions include experimental nd prac- 
tical epitaxial devices where the high 
substrate resistance can be used to 
isolate the layer and also 2 ~tm 
photoconductive detectors [3]. 
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Gal.xlnSb 
The ternary solid solution between 
InSb and GaSh is of great interest to 
Firebird and the user community for 
two reasons; ftrst, the response of 
detect ion devices may be varied 
freely between 2 and 7 tam and, 
second, the lattice parameter can be 
tuned between 6.095 and 6.479A. 
These and related information are 
plotted in Figure 4. 
The 2-7 Ixm range of these materi- 
als was largely ignored during the 
early (military) history of narrow-gap 
III-V compounds because of major 
in ter fe rences  f rom atmospher ic  
water vapour and carbon oxides. In 
today's "dual-use" market  many 
groups are working to invert this 
thinking to build devices to detect 
and monitor these very gases, hydro- 
carbons and other pollutant gases. 
Compact emitter-receiver pair de- 
vices are being developed for auto- 
motive engine feedback, stack gas 
monitoring and related commercial 
applications. Other applications fore- 
see its use for the direct conversion 
of infrared radiation to DC, as de- 
scribed later. 
The tunable lattice parameter al- 
lows lattice-matched pitaxy of many 
interesting multernary III-V com- 
pounds, of which GalnAsSb is the 
best known. Figure 4 illustrates these 
properties. Along the X axis, the 
lattice parameter of five binary III-V 
compounds commonly used as sub- 
strates are flagged while the vertical 
axis gives the energy gap (in eV) and 
the corresponding device cuton wa- 
velengths [in tam]. One composition 
worth noting is Gao.35 Ino.65 Sb which 
is la t t i ce  matched to  the  
InAs0.35Sbo.65 composition that has 
the bandgap minimum, correspond- 
ing to -10 lam. The latter has tremen- 
dous potential  for 300K thermal 
imaging but has so far been frustrated 
by the lack of a compatible substrate. 
Approach 
Several approaches to the growth of 
GaInSb have been published over the 
past twenty years but for commercial 
applications where reasonably large, 
single crystal substrates of various 
orientations are likely to be required 
by potential customers, the Czo- 
chralski growth method seems to 
offer the greatest promise. Firebird 
began a two-year pilot production 
program in January 1994 which 
initially targets the growth of GaIn(O 
to 10%)Sb at 25 mm diameter. 
Progress 
As any crystal grower can tell you, life 
in a ternary system is considerably 
more complex than in binary or 
elemental systems. Since there is 
unavoidable rejection of the lower- 
melting phase from the growth inter- 
face, the growth rate must be greatly 
slowed to the point that melt diffu- 
sion and convection can remove the 
excess without triggering constitu- 
tional supercooling. We have so far 
succeeded in growing single crystals 
to -30 mm diameter at commercially 
viable rates for InSb mole fractions up 
1.6 
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to -10% but there is still a lot to be 
learned! 
Parallel work 
We have been in contact and will be 
collaborating with workers at Mal- 
vern, UK, DRA who are working on 
the same system by similar means but 
from the high-In end of the ternary. 
They too have demonstrated Czo- 
chralski growth at modest diameters 
and been able to address the compo- 
sitional uniformi~ issue by using a 
floating crucible technique. 
MICRO GRAVITY 
History 
Since the mid 1970's the prospect of 
improved proper t ies  in crystals 
grown in low gravity have been of 
great interest to the materials com- 
munity. Both the US and Soviets have 
flown multiple growth experiments 
to monitor  the effects of micro 
gravity on crystallization and segrega- 
tion in InSb. Recently the European 
Space Agency has joined this club. 
It was originally anticipated that 
growth in "zero g" would eliminate 
the density-driven convective flows 
wh ich  cause impur i ty  str iat ions 
(large, localized variations in dopant 
concentrations).  Early work indi- 
cated that there was a major reduc- 
tion in these flows but residual 
gravity and system vibrations still 
triggered flows. It also became evi- 
dent from these tests that a further 
complication in the form of surface 
tension driven (Marangoni) flows had 
to be prevented. 
This project 
This year Firebird is preparing the 
basis materials for a series of experi- 
ments to be run in the MIR/PRIRODA 
space station by the Canadian and 
European Space Agencies. We will be 
investigating segregation i InSb crys- 
tals grown by the horizontal Bridg- 
man method in microgravity, with 
and without the cancellation of "g- 
jitter", the vibrations in the station 
resulting from all other activities. A 
spring-loaded piston will be used to 
Multernary arsenide-antimonide material 
parameters. 
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maintain zero void volume to avoid 
free surfaces and Marangoni flow. 
These tests were first scheduled for 
November 1995 but were moved to 
March, 1996. 
THERMO-VOLTAICS 
A new technology is emerging which 
is of great interest to us. Thermo- 
photovoltaics (TPV) is the direct 
conversion of thermal (infrared) ra- 
diation to DC power, analogous to 
solar photovoltaics but using energy 
from a different part of the spectrum. 
The first conference on the subject 
was a year ago, the second was in late 
July 1996 in Colorado Springs, USA. 
At last year's conference a broad 
range of potential applications was 
presented. Close to home, a small 
device can be fabricated to self- 
generate DC power to sustain gas or 
oil fired heating systems in the event 
of a grid power failure. NASA pro- 
poses generating DC current from 
nuclear heat to power the satellites 
to be sent far from earth. Enough DC 
energy can be taken from water 
heating or cooking appliances to 
power a small radio or TV set in 
remote areas of all continents. Gen- 
erally, anywhere that thermal radia- 
tion is available it can be readily and 
directly converted to DC power at 
15-25% efficiency. Co-generation ap- 
plications (where heat not converted 
to power  can be effectively used) 
offer the best immediate applica- 
tions, so will proceed first. 
Antimonide 
contributions 
From Figure 4 you can see that InSb 
and GaSb neatly bracket the 2-7 Ixm 
wavelength range of energy emission 
from common thermal sources. GaSb 
TPV cells coupled with a gas-fueled 
burner have already demonstrated 
27% efficiency at a loading of 13 W/ 
cm z in a geometry  amenable to 
automot ive  app l i ca t ions .  The  
Gao.9o Inoao Sb alloy has the potential 
to improve on this while allowing 
operation at a lower temperatures 
where construction materials are less 
costly. This is a technology which has 
just emerged, is evolving very quickly 
and looks to have a promising future. 
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